Searches for supersymmetry (SUSY) are presented based on the electroweak pair production of neutralinos and charginos, leading to decay channels with Higgs, Z, and W bosons and undetected lightest SUSY particles (LSPs). The data sample corresponds to an integrated luminosity of about 19.5 fb −1 of proton-proton collisions at a center-of-mass energy of 8 TeV collected in 2012 with the CMS detector at the LHC. The main emphasis is neutralino pair production in which each neutralino decays either to a Higgs boson (h) and an LSP or to a Z boson and an LSP, leading to hh, hZ, and ZZ states with missing transverse energy (E miss T ). A second aspect is chargino-neutralino pair production, leading to hW states with E miss T . The decays of a Higgs boson to a bottom-quark pair, to a photon pair, and to final states with leptons are considered in conjunction with hadronic and leptonic decay modes of the Z and W bosons. No evidence is found for supersymmetric particles, and 95% confidence level upper limits are evaluated for the respective pair production cross sections and for neutralino and chargino mass values.
I. INTRODUCTION
Supersymmetry (SUSY) [1] [2] [3] [4] [5] [6] [7] [8] , one of the most widely considered extensions of the standard model (SM) of particle physics, stabilizes the Higgs boson mass at the electroweak energy scale, may predict unification of the strong, weak, and electromagnetic forces, and might provide a dark matter candidate. Supersymmetry postulates that each SM particle is paired with a SUSY partner from which it differs in spin by one-half unit, with otherwise identical quantum numbers. For example, squarks, gluinos, and winos are the SUSY partners of quarks, gluons, and W bosons, respectively. Supersymmetric models contain extended Higgs sectors [8, 9] , with higgsinos the SUSY partners of Higgs bosons. Neutralinosχ 0 (charginosχ AE ) arise from the mixture of neutral (charged) higgsinos with the SUSY partners of neutral (charged) electroweak vector bosons.
In this paper, we consider R-parity-conserving models [10] . In R-parity-conserving models, SUSY particles are created in pairs. Each member of the pair initiates a decay chain that terminates with a stable lightest SUSY particle (LSP) and SM particles. If the LSP interacts only via the weak force, as in the case of a dark matter candidate, the LSP escapes detection, potentially yielding large values of missing momentum and energy.
Extensive searches for SUSY particles have been performed at the CERN LHC, but so far the searches have not uncovered evidence for their existence [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The recent discovery [23] [24] [25] of the Higgs boson, with a mass of about 125 GeV, opens new possibilities for SUSY searches. In the SUSY context, we refer to the 125 GeV boson as "h " [26] , the lightest neutral CP-even state of an extended Higgs sector. The h boson is expected to have the properties of the SM Higgs boson if all other Higgs bosons are much heavier [27] . Neutralinos and charginos are predicted to decay to an h or vector (V ¼ Z, W) boson over large regions of SUSY parameter space [28] [29] [30] [31] [32] [33] [34] . Pair production of neutralinos and/or charginos can thus lead to hh, hV, and VV ð0Þ states. Requiring the presence of one or more h bosons provides a novel means to search for these channels. Furthermore, the observation of a Higgs boson in a SUSY-like process would provide evidence that SUSY particles couple to the Higgs field, a necessary condition for SUSY to stabilize the Higgs boson mass. This evidence can not be provided by search channels without the Higgs boson.
In this paper, searches are presented for electroweak pair production of neutralinos and charginos that decay to the hh, hZ, and hW states. Related SUSY searches sensitive to the corresponding ZZ state are presented in Refs. [35, 36] . We assume the Higgs boson h to have SM properties. The data sample, corresponding to an integrated luminosity of around 19.5 fb −1 of proton-proton collisions at ffiffi ffi s p ¼ 8 TeV, was collected with the CMS detector at the LHC. For most of the searches, a large value of missing energy transverse to the direction of the proton beam axis (E miss T ) is required. The hh, hZ, and ZZ topologies arise in a number of SUSY scenarios. As a specific example, we consider an R-parity-conserving gauge-mediated SUSY-breaking (GMSB) model [28, 34] in which the two lightest neutralinosχ higgsino, which is the next-to-lightest SUSY particle (NLSP), undergoes a two-body decay to either an h boson andG or to a Z boson andG, whereG is nearly massless, stable, and weakly interacting. The pair production of any of the combinationsχ 1 production are not allowed in the pure higgsino limit, as is considered here.
For the hh combination, we consider the hð→ bbÞhð→ bbÞ, hð→ γγÞhð→ bbÞ, and hð→ γγÞ hð→ ZZ=WW=ττÞ decay channels, with bb a bottom quark-antiquark pair and where the ZZ, WW, and ττ states decay to yield at least one electron or muon. For the hZ combination, we consider the hð→ γγÞZð→ 2 jetsÞ, hð→ γγÞZð→ ee=μμ=ττÞ, and hð→ bbÞZð→ ee=μμÞ channels, where the ττ pair yields at least one electron or muon. We combine the results of the current study with those presented for complementary Higgs and Z boson decay modes in Refs. [35, 36] to derive overall limits on electroweak GMSB hh, hZ, and ZZ production.
As a second specific example of a SUSY scenario with Higgs bosons, we consider the R-parity-conserving chargino-neutralinoχ AE 1χ 0 2 electroweak pair production process shown in Fig. 1 (right) , in which theχ AE 1 chargino is winolike and theχ 0 1 neutralino is a massive, stable, weakly interacting binolike LSP, where a bino is the SUSY partner of the B gauge boson. This scenario represents the SUSY process with the largest electroweak cross section [38] . It leads to the hW topology, with E miss T present because of the two LSP particles. The decay channels considered are hð→ γγÞWð→ 2 jetsÞ and hð→ γγÞWð→ lνÞ, with l an electron, muon, or leptonically decaying τ lepton. We combine these results with those based on complementary decay modes of this same scenario [36] to derive overall limits.
The principal backgrounds arise from the production of a top quark-antiquark (tt) pair, a W boson, Z boson, or photon in association with jets (W þ jets, Z þ jets, and γ þ jets), and multiple jets through the strong interaction (QCD multijet). Other backgrounds are due to events with a single top quark and events with rare processes such as ttV or SM Higgs boson production. The QCD multijet category as defined here excludes events in the other categories. For events with a top quark or W boson, significant E miss T can arise if a W boson decays leptonically, producing a neutrino, while for events with a Z boson, the decay of the Z boson to two neutrinos can yield significant E miss T . For γ þ jets events, Z þ jets events with Z → l þ l − (l ¼ e, μ), and events with all-hadronic final states, such as QCD multijet events, significant E miss T can arise if the event contains a charm or bottom quark that undergoes semileptonic decay, but the principal source of E miss T is the mismeasurement of jet p T ("spurious" E miss T ). This paper is organized as follows. In Secs. II, III, and IV, we discuss the detector and trigger, the event reconstruction, and the event simulation. Section V presents a search for hh SUSY events in which both Higgs bosons decay to a bb pair. Section VI presents searches for hh, hZ, and hW SUSY events in which one Higgs boson decays to a pair of photons. A search for hZ SUSY events with a Higgs boson that decays to a bb pair and a Z boson that decays to an e þ e − or μ þ μ − pair is presented in Sec. VII. In Sec. VIII, we briefly discuss the studies of Refs. [35, 36] as they pertain to the SUSY scenarios considered here. The interpretation of the results is presented in Sec. X and a summary in Sec. XI.
II. DETECTOR AND TRIGGER
A detailed description of the CMS detector is given elsewhere [39] . A superconducting solenoid of 6 m internal diameter provides an axial magnetic field of 3.8 T. Within the field volume are a silicon pixel and strip tracker, a FIG. 1. Event diagrams for the SUSY scenarios considered in this analysis. (Left) and (center) hh and hZ production in a GMSB model [28, 34] , where h is the Higgs boson,χ crystal electromagnetic calorimeter, and a brass-and-scintillator hadron calorimeter. Muon detectors based on gas ionization chambers are embedded in a steel flux-return yoke located outside the solenoid. The CMS coordinate system is defined with the origin at the center of the detector and with the z axis along the direction of the counterclockwise beam. The transverse plane is perpendicular to the beam axis, with ϕ the azimuthal angle (measured in radians), θ the polar angle, and η ¼ − ln½tanðθ=2Þ the pseudorapidity. The tracking system covers the region jηj < 2.5, the muon detector jηj < 2.4, and the calorimeters jηj < 3.0. Steel-and-quartz-fiber forward calorimeters cover 3 < jηj < 5. The detector is nearly hermetic, permitting accurate measurements of energy balance in the transverse plane. The trigger is based on the identification of events with one or more jets, bottom-quark jets (b jets), photons, or charged leptons. The main trigger used for the hh → bbbb analysis (Sec. V) requires the presence of at least two jets with p T > 30 GeV, including at least one tagged b jet, and E miss T > 80 GeV. For the diphoton studies (Sec. VI), there must be at least one photon with p T > 36 GeV and another with p T > 22 GeV. The study utilizing Z → l þ l − events (Sec. VII) requires at least one electron or muon with p T > 17 GeV and another with p T > 8 GeV. Corrections are applied to the selection efficiencies to account for trigger inefficiencies.
III. EVENT RECONSTRUCTION
The particle-flow (PF) method [40, 41] is used to reconstruct and identify charged and neutral hadrons, electrons (with associated bremsstrahlung photons), muons, and photons, using an optimized combination of information from CMS subdetectors. The reconstruction of photons for the h → γγ-based searches is discussed in Sec. VI. Hadronically decaying τ leptons (τ h ) are reconstructed using PF objects (we use the "hadron-plus-strips" τ-lepton reconstruction algorithm [42] with loose identification requirements). The event primary vertex, taken to be the reconstructed vertex with the largest sum of chargedtrack p 2 T values, is required to contain at least four charged tracks and to lie within 24 cm of the origin in the direction along the beam axis and 2 cm in the perpendicular direction. Charged hadrons from extraneous pp interactions within the same or a nearby bunch crossing ("pileup") are removed [43] . The PF objects serve as input for jet reconstruction, based on the anti-k T algorithm [44, 45] , with a distance parameter of 0.5. Jets are required to satisfy basic quality criteria (jet ID [46] ), which eliminate, for example, spurious events caused by calorimeter noise. Contributions to an individual jet's p T from pileup interactions are subtracted [47] . Finally, jet energy corrections are applied as a function of p T and η to account for residual effects of nonuniform detector response [48] .
The missing transverse energy E miss T is defined as the modulus of the vector sum of the transverse momenta of all PF objects. The E miss T vector is the negative of that same vector sum. We also make use of the E miss T significance variable S MET [49] , which represents a χ 2 difference between the observed result for E miss T and the E miss T ¼ 0 hypothesis. The S MET variable provides an event-by-event assessment of the consistency of the observed E miss T with zero, given the measured content of the event and the known measurement resolutions. Because it accounts for finite jet resolution on an event-by-event basis, S MET provides better discrimination between signal and background events than does E miss T , for background events with spurious E miss T . The identification of b jets is performed using the combined secondary vertex (CSV) algorithm [50, 51] , which computes a discriminating variable for each jet based on displaced secondary vertices, tracks with large impact parameters, and kinematic variables, such as jet mass. Three operating points are defined, denoted "loose," "medium," and "tight." These three working points yield average signal efficiencies for b jets (misidentification probabilities for light-parton jets) of approximately 83% (10%), 70% (1.5%), and 55% (0.1%), respectively, for jets with p T > 60 GeV [51] .
We also make use of isolated electrons and muons, either vetoing events with such leptons in order to reduce background from SM tt and electroweak boson production (Secs. V, VI A, and VI B), or selecting these events because they correspond to the targeted signal process (Secs. VI C and VII). Isolated electron and muon identification is based on the variable R iso , which is the scalar sum of the p T values of charged hadrons, neutral hadrons, and photons within a cone of radius R cone ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðΔϕÞ 2 þ ðΔηÞ 2 p around the lepton direction, corrected for the contributions of pileup interactions, divided by the lepton p T value itself. For the analyses presented here, R cone ¼ 0.3 (0.4) for electrons (muons), unless stated otherwise.
IV. EVENT SIMULATION
Monte Carlo (MC) simulations of signal and background processes are used to optimize selection criteria, validate analysis performance, determine signal efficiencies, and evaluate some backgrounds and systematic uncertainties.
Standard model background events are simulated with the MADGRAPH 5.1.3.30 [52] , POWHEG 301 [53] [54] [55] , and PYTHIA 6.4.26 [56] generators. The tt events (generated with MADGRAPH) incorporate up to three additional partons, including b quarks, at the matrix element level. The tt þ bb events account for contributions from gluon splitting. The SM processes are normalized to cross section calculations valid to next-to-leading order (NLO) or nextto-next-to-leading order [57] [58] [59] [60] [61] [62] [63] , depending on availability, and otherwise to leading order. For the simulation of SM events, the GEANT4 [64] package is used to model the detector and detector response.
Signal events are simulated with the MADGRAPH 5.1.5.4 generator, with a Higgs boson mass of 126 GeV [65] . Up to two partons from initial-state radiation (ISR) are allowed. To reduce computational requirements, the detector and detector response for signal events are modeled with the CMS fast simulation program [66] , with the exception of the signal events for the hh → bbbb study (Sec. V), for which GEANT4 modeling is used. For the quantities based on the fast simulation, the differences with respect to the GEANT-based results are found to be small (≲5%). Corrections are applied, as appropriate, to account for the differences. The signal event rates are normalized to the NLO plus next-to-leading-logarithmic (NLO þ NLL) cross sections [38, 67, 68] for the GMSB hh, hZ, and ZZ channels, and to the NLO cross sections [38, 69] [70] . Note that we often consider small LSP masses in this study, viz., mG ¼ 1 GeV for the GMSB scenario, and, in some cases, m~χ0 1 ¼ 1 GeV for the electroweak hW scenario [see Figs. 11, 12, 22 (bottom), and 23, below] . These scenarios are not excluded by limits [71] on Z boson decays to undetected particles for the cases considered here, in which the LSP is either a gravitino or a binolike neutralino [72] .
All MC samples incorporate the CTEQ6L1 or CTEQ6M [73, 74] parton distribution functions, with PYTHIA used for parton showering and hadronization. The MC events are corrected to account for pileup interactions, such that they describe the distribution of reconstructed vertices observed in data. The simulations are further adjusted so that the b-jet tagging and misidentification efficiencies match those determined from control samples in the data. The b-jet tagging efficiency correction factor depends slightly on the jet p T and η values and has a typical value of 0.99, 0.95, and 0.93 for the loose, medium, and tight CSV operating points [50] . Additional corrections are applied so that the jet energy resolution in signal samples corresponds to the observed results. A further correction, implemented as described in Appendix B of Ref. [18] , accounts for mismodeling of ISR in signal events.
V. SEARCH IN THE hh → bbbb CHANNEL
With a branching fraction of about 0.56 [75] , h → bb decays represent the most likely decay mode of the Higgs boson. The hð→ bbÞhð→ bbÞ final state thus provides a sensitive search channel for SUSY hh production. For this channel, the principal visible objects are the four b jets. Additional jets may arise from ISR, final-state radiation, or pileup interactions. For this search, jets (including b jets) must satisfy p T > 20 GeV and jηj < 2.4. In addition, we require the following:
(i) exactly four or five jets, where p T > 50 GeV for the two highest p T jets; (ii) E miss T significance S MET > 30; (iii) no identified, isolated electron or muon candidate with p T > 10 GeV; electron candidates are restricted to jηj < 2.5 and muon candidates to jηj < 2.4; the isolation requirements are R iso < 0.15 for electrons and R iso < 0.20 for muons; (iv) no τ h candidate with p T > 20 GeV and jηj < 2.4; (v) no isolated charged particle with p T > 10 GeV and jηj < 2.4, where the isolation condition is based on the scalar sum R ch iso of charged-particle p T values in a cone of radius R cone ¼ 0.3 around the chargedparticle direction, excluding the charged particle itself, divided by the charged-particle p T value; we require R ch iso < 0.10; (vi) Δϕ min > 0.5 for events with 30 < S MET < 50 and Δϕ min > 0.3 for S MET > 50, where Δϕ min is the smallest difference in ϕ between the E miss T vector and any jet in the event; for the Δϕ min calculation we use less restrictive criteria for jets compared with the standard criteria: jηj < 5.0, no rejection of jets from pileup interactions, and no jet ID requirements, with all other conditions unchanged. The isolated charged-particle requirement rejects events with a τ h decay to a single charged track as well as events with an isolated electron or muon in cases where the lepton is not identified. The Δϕ min restriction eliminates QCD multijet and all-hadronic tt events, whose contribution is expected to be large at small values of S MET . The use of less-restrictive jet requirements for the Δϕ min calculation yields more efficient rejection of these backgrounds.
Three mutually exclusive samples of events with tagged b jets are defined:
(i) 2b sample: Events in this sample must contain exactly two tight b jets and no medium b jets; (ii) 3b sample: Events in this sample must contain two jets that are tight b jets, a third jet that is either a tight or a medium b jet, and no other tight, medium, or loose b jet; (iii) 4b sample: Events in this sample must contain two jets that are tight b jets, a third jet that is either a tight or medium b jet, and a fourth jet that is either a tight, medium, or loose b jet.
The sample most sensitive to signal events is the 4b sample. The 3b sample is included to improve the signal efficiency. The 2b sample is depleted in signal events and is used to help evaluate the background, as described below. The dominant background arises from tt events in which one top quark decays hadronically while the other decays to a state with a lepton l through t → blν, where the lepton is not identified and the neutrino provides a source of genuine E miss T . To reconstruct the two Higgs boson candidates in an event, we choose the four most b-like jets based on the value of the CSV discriminating variable. These four jets can be grouped in three unique ways to form a pair of Higgs boson candidates. Of the three possibilities, we choose the one with the smallest difference jΔm bb j ≡ jm bb;1 − m bb;2 j between the two candidate masses, where m bb is the invariant mass of two tagged b jets. We calculate the distance ΔR ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðΔϕÞ 2 þ ðΔηÞ 2 p between the two jets for each h → bb candidate. We call the larger of these two values ΔR max . In signal events, the two b jets from the decay of a Higgs boson generally have similar directions since the Higgs boson is not normally produced at rest. Thus the two ΔR values tend to be small, making ΔR max small. In contrast, for the dominant background, from the class of tt events described above, three jets tend to lie in the same hemisphere, while the fourth jet lies in the opposite hemisphere, making ΔR max relatively large.
A signal region (SIG) is defined using the variables jΔm bb j, ΔR max , and the average of the two Higgs boson candidate mass values hm bb i ≡ ðm bb;1 þ m bb;2 Þ=2. We require (i) jΔm bb j < 20 GeV; (ii) ΔR max < 2.2; (iii) 100 < hm bb i < 140 GeV. These requirements are determined through an optimization procedure that takes into consideration both the higgsino discovery potential and the ability to set stringent limits in the case of nonobservation. Distributions of these variables for events in the 4b event sample are shown in Fig. 2 .
A sideband region (SB) is defined by applying the SIGregion criteria except using the area outside the following rectangle in the jΔm bb j-hm bb i plane:
(i) jΔm bb j < 30 GeV; (ii) 90 < hm bb i < 150 GeV. Schematic representations of the SIG and SB regions are shown in Fig. 3 (upper left) .
To illustrate the basic principle of the background determination method, consider the 4b and 2b samples. (iv) D: number of background events in the 2b-SB region. We assume that the ratio of the number of background events in the SIG region to that in the SB region, denoted as the SIG/SB ratio, is the same for the 2b and 4b samples. This assumption is supported by (for example) the similarity between the 2b and 4b results shown in the top-right and bottom-right plots of Fig. 3 . We further assume that the 2b-SIG and all SB regions are dominated by background. The prediction for the number of background events in the 4b-SIG region is then given by the algebraic expression A ¼ BC=D. The same result applies replacing the 4b sample by the 3b sample in the above discussion.
In practice, we examine the data in four bins of S MET , which are indicated in Table I . The background yields in the four S MET bins of the 2b-SIG, 3b-SIG, and 4b-SIG regions are determined simultaneously in a likelihood fit, with the SIG/SB ratios for the background in all three b-jet samples constrained to a common value (determined in the fit) for each S MET bin separately. Figure 4 shows the predictions of the SM simulation for the SIG/SB ratios, in the four bins of S MET , for the three b-jet samples (for purposes of comparison, the data are also shown). It is seen that for each individual bin of S MET , the SIG/SB ratio of SM events is predicted to be about the same for all three b-jet samples, i.e., within S MET bin 1, the 2b, 3b, and 4b results are all about the same, within S MET bin 2 they are all about the same, etc., supporting the key assumption of the method. Figure 4 includes the results determined from the likelihood fit for the SIG/SB ratio in each bin, assuming the SUSY signal yield to be zero. Note that in setting limits (Sec. X), the contributions of signal events to both the signal and sideband regions are taken into account, and thus, e.g., the level of signal contribution to the SB regions does not affect the results.
The four bins of S MET correspond roughly to E miss T ranges of GeV, and > 250 GeV, respectively, as determined from a sample of events selected with loosened criteria. For this result, the edges of the E miss T ranges are adjusted so that the number of To evaluate the systematic uncertainty of the background estimate, we consider two terms, determined from simulation, which are treated as separate nuisance parameters in the likelihood fit. The first term is determined for each bin of S MET in the 4b (3b) sample. It is given by the difference from unity of the double ratio R, where R is the SIG/SB ratio of 4b (3b) events divided by the SIG/SB ratio of 2b events ("nonclosure result"), or else by the statistical uncertainty of R, whichever is larger. The size of this uncertainty varies between 14% and 40%, with a typical value of 25%. The second term accounts for potential differences between the SIG/SB ratio of tt and QCD multijet events as well as for the possibility that the fraction of tt and QCD multijet events differs between the 2b, 3b, and 4b samples. Based on studies with a QCD multijet data control sample, the fraction of background events due to QCD multijet events is conservatively estimated to be less than 20%. We reevaluate the background assuming that the fraction of QCD multijets varies by the full 20% between the 2b and 4b samples and find the nonclosure to be 7%, which we define as the associated uncertainty.
The observed numbers of events in the 3b-SIG and 4b-SIG regions are shown in Fig. 6 as a function of S MET , in comparison with the SM background predictions from the likelihood fit and the predictions of two signal scenarios. Numerical values are given in Table I.   TABLE I . Observed numbers of events and corresponding SM background estimates in bins of E miss T significance S MET for the hh → bbbb analysis. For the SM background estimate, the first uncertainty is statistical and the second systematic. Numerical results for example signal scenarios, are given in Tables VIII and IX 
FIG. 4 (color online)
. Ratio of the number of events in the signal (SIG) region to that in the sideband (SB) region as a function of S MET bin (see Table I ), for the 2b, 3b, and 4b event samples of the hh → bbbb analysis. The simulated results account for the various expected SM processes. The results of a likelihood fit to data, in which the SIG/SB ratio is determined separately for each bin, are also shown. 
VI. SEARCH IN THE hh, hZ, AND hW CHANNELS WITH ONE h → γγ DECAY
We next describe searches for hh, hZ, and hW states in channels with one Higgs boson that decays to photons. While the h → γγ branching fraction is small [75] , the expected diphoton invariant-mass signal peak is narrow, allowing the SM background to be reduced. For hh production, we search in channels in which the second Higgs boson decays to bb, WW, ZZ, or ττ, where, in the case of these last three modes, at least one electron or muon is required to be present in the final state. For the hZ and hW combinations, we search in the channels in which the Z or W boson decays either to two light-flavor jets or leptonically, where the leptonic decays yield at least one electron or muon.
Photon candidates are reconstructed from "superclusters" of energy deposited in the electromagnetic calorimeter [76, 77] , with energies determined using a multivariate regression technique [24, 77] . To reduce contamination from electrons misidentified as photons, photon candidates are rejected if they register hit patterns in the pixel detector that are consistent with a track. The photon candidates are required to satisfy loose identification criteria based primarily on their shower shape and isolation [78] . Signal events tend to produce decay products in the central region of the detector, because of the large masses of the produced SUSY particles. Therefore, photon candidates are restricted to jηj < 1.44.
Events must contain at least one photon candidate with p T > 40 GeV and another with p T > 25 GeV. The h → γγ boson candidate is formed from the two highest p T photons in the event. The resulting diphoton invariant mass m γγ is required to appear in the Higgs boson mass region defined by 120 < m γγ < 131 GeV.
For the searches described in this section, jets must have p T > 30 GeV and jηj < 2.4. Tagged b jets are defined using the CSV-medium criteria.
A. hh → γγbb
For the search in the hð→ γγÞhð→ bbÞ channel, we require (i) exactly two tagged b jets, which together form the h → bb candidate; (ii) the invariant mass m bb of the two tagged b jets to lie in the Higgs boson mass region defined by 95 < m bb < 155 GeV; (iii) no identified, isolated electron or muon candidate, where the lepton identification criteria are p T > 15 GeV and jηj < 2.4, with the isolation requirements R iso < 0.15 for electrons and R iso < 0.12 for muons. The distribution of m γγ for the selected events is shown in Fig. 7 . The principal background arises from events in which a neutral hadron is misidentified as a photon.
The SM background, with the exception of the generally small contribution from SM Higgs boson production, is evaluated using m γγ data sidebands defined by 103 ≤ m γγ ≤ 118 GeV and 133 ≤ m γγ ≤ 163 GeV. We construct the quantity S h T , which is the scalar sum of the p T values of the two Higgs boson candidates. The distribution of S h T is measured separately in each of the two sidebands. Each sideband distribution is then normalized to correspond to the expected number of background events in the signal region. To determine the latter, we perform a likelihood fit of a power-law function to the m γγ distribution between 103 and 163 GeV, excluding the 118 < m γγ < 133 GeV region around the Higgs boson mass. The result of this fit is shown by the solid (blue) curve in Fig. 7 . The scaled distributions of S h T from the two sidebands are found to be consistent with each other and are averaged. This average is taken to be the estimate of the SM background (other than that from SM Higgs boson production), with half the difference assigned as a systematic uncertainty.
To account for the background from SM Higgs boson production, which peaks in the m γγ signal region and is not accounted for with the above procedure, we use simulated events. A systematic uncertainty of 30% is assigned to this result, which accounts both for the uncertainty of the SM Higgs boson cross section [75] and for potential misrepresentation of the data by the simulation in the tails of kinematic variables like S h T . To illustrate the difference in the distribution of S h T between signal and background events, Fig. 8 (top) shows the distribution of S h T for a sample of events selected in the same manner as the nominal sample except with loose CSV requirements for the b-jet tagging, for improved statistical precision. The distributions for two signal scenarios, and for the SM background determined as described above, are also shown. It is seen that S h T tends to be larger for signal events than for background events, providing discrimination between the two.
The corresponding results for the nominal selection criteria are shown in Fig. 8 (bottom) , with numerical values given in Table II. B. hZ and hW → γγ þ 2 jets
For the hZ and hW channels with h → γγ and either W → 2 jets or Z → 2 jets, the vector boson candidate is formed from two jets that yield a dijet mass m jj consistent with that of a W or Z boson, 70 < m jj < 110 GeV. Multiple candidates per event are allowed. The fraction of events with multiple candidates is 16%. The average number of candidates per event is 1.2. Events with isolated electrons and muons are rejected, using the criteria of Sec. VI A. To avoid overlap with the sample discussed in Sec. VI A, events are rejected if a loose-tagged b jet combined with a medium-tagged b jet yields an invariant mass in the range 95 < m bb < 155 GeV. The distribution of m γγ for the selected events is shown in Fig. 9 (top). The SM background estimate is obtained using the procedure described in Sec. VI A except using the E miss T variable rather than the S h T variable, viz., from the average of the scaled E miss T distributions derived from the two m γγ sidebands, summed with the prediction from simulated SM Higgs boson events. The solid (blue) curve in Fig. 9 (top) shows the result of the power-law fit to the m γγ sideband regions. The scaled E miss T distributions from the two sidebands are found to be consistent with each other within their uncertainties.
The measured distribution of E miss T for the selected events is shown in Fig. 9 (bottom) in comparison with the SM background estimate and with the predictions from two signal scenarios. Numerical values are given in Table III. C. hh, hZ, and hW → γγ þ leptons We next consider hh, hZ, and hW combinations in which a Higgs boson decays into a pair of photons, while the other boson (h, Z, or W) decays to a final state with at least one lepton (electron or muon). For the hh channel this signature encompasses events in which the second Higgs boson decays to h → ZZ, WW, or ττ, followed by the leptonic decay of at least one Z, W, or τ particle, including the case where one Z boson decays to charged leptons and the other to neutrinos.
The lepton identification criteria are the same as those presented in Sec. VI A with the additional requirement that the ΔR separation between an electron or muon candidate and each of the two photon candidates exceed 0.3. To reduce the background in which an electron is misidentified as a photon, events are eliminated if the invariant mass formed from an electron candidate and one of the two h → γγ photon candidates lies in the Z boson mass region 86 < m eγ < 96 GeV. Electron candidates are rejected if they appear within 1.44 < jηj < 1.57, which represents a transition region between the barrel and endcap electromagnetic calorimeters [39] , where the reconstruction efficiency is difficult to model. To prevent overlap with the other searches, events are allowed to contain at most one medium-tagged b jet.
We select a sample with at least one muon and an orthogonal sample with no muons but at least one electron. We refer to these samples as the muon and electron samples, respectively. About 93% of the events in each sample contain only a single electron or muon, and there are no events for which the sum of electron and muon candidates exceeds 2 (only two events have one electron and one muon). The m γγ distributions for the two samples are shown in Fig. 10 .
The SM background is evaluated in the same manner as described in Sec. VI A except using the transverse mass vectors. For SM background events with W bosons, the M T distribution exhibits an endpoint near the W boson mass. In contrast, for signal events, the value of M T can be much larger. As an alternative, we tested use of the E miss T distribution to evaluate the SM background and found the M T distribution to be slightly more sensitive.
The SM background estimate is thus given by the average of the scaled M T distributions from the two m γγ sidebands, summed with the contribution from simulated SM Higgs boson events. The solid (blue) curves in Fig. 10 show the results of the power-law fits to the m γγ sideband regions. For the electron channel [ Fig. 10 (bottom) ], a cluster of events is visible at m γγ ≈ 112 GeV. We verified that the prediction for the number of background events is stable within about one standard deviation of the statistical uncertainty for alternative definitions of the sideband regions, such as 110 < m γγ < 118 GeV for the lower sideband rather than 103 < m γγ < 118 GeV.
The M T distributions of the selected events are presented in Fig. 11 . Numerical values are given in Table IV . The background estimates and predictions from several signal scenarios are also shown. Results for the alternative method to evaluate the SM background, based on the E miss T distribution rather than the M T distribution, are shown in Fig. 12 . For the muon channel, the data exhibit a small deficit with respect to the SM background estimate. For the electron channel, there is an excess of 2.1 standard deviations. Note that this result does not account for the socalled look-elsewhere effect [79] . The excess of data events in the electron channel above the SM background prediction clusters at low values E miss T ≲ 30 GeV, as seen in Fig. 12 (bottom) . Summing the electron and muon channels, we obtain 24 observed events compared to 18.9 AE 3.1 expected SM events, corresponding to an excess of 1.3 standard deviations. To investigate the excess in the electron channel, we varied the functional form used to fit the sideband data (an exponential function was used rather than a power-law function), modified the definitions of the sideband and signal regions, as mentioned above, and altered the photon identification criteria. All variations yielded consistent results, with an excess in the electron channel of about 2 standard deviations. An ensemble of MC pseudoexperiments was used to verify that the background evaluation procedure is unbiased. Since the excess in the electron channel is neither large nor signal-like, and since there is not a corresponding excess in the muon channel, we consider the excess seen in Fig. 11 (bottom) to be consistent with a statistical fluctuation. Note that if we apply looser or tighter photon selection criteria relative to the nominal criteria, the significance of the excess decreases in a way that is consistent with its explanation as a statistical fluctuation.
VII. SEARCH IN THE hZ
We now describe the search in the SUSY hZ channel with h → bb and Z → l þ l − (l ¼ e, μ). Electron and muon candidates are required to satisfy p T > 20 GeV, jηj < 2.4, and R iso < 0.15. For the R iso variable, a cone size R cone ¼ 0.3 is used for both electrons and muons, rather than R cone ¼ 0.4 for muons as in Secs. V and VI. Electron candidates that appear within the transition region 1.44 < jηj < 1.57 between the barrel and endcap electromagnetic calorimeters are rejected. Jets must satisfy p T > 30 GeV and jηj < 2.5 and be separated by more than ΔR ¼ 0.4 from an electron or muon candidate. To be tagged as a b jet, the jet must satisfy the CSV-medium criteria.
Events are required to contain (i) exactly one e þ e − or μ þ μ − pair with a dilepton invariant mass m ll in the Z boson mass region 81 < m ll < 101 GeV; (ii) no third electron or muon candidate, selected using the above criteria except with p T > 10 GeV; (iii) no τ h candidate with p T > 20 GeV; (iv) at least two tagged b jets, where the two most b-like jets yield a dijet mass in the Higgs boson mass region 100 < m bb < 150 GeV.
The reason to reject events with a third lepton is to avoid overlap with the three-or-more-lepton sample discussed in Sec. VIII. Events with a tt pair represent a large potential source of background, especially if both top quarks decay to a state with a lepton. To reduce this background, we use the M jl T2 variable [80, 81] , which corresponds to the minimum mass of a pair-produced parent particle compatible with the observed four-momenta in the event, where each parent is assumed to decay to a b jet, a charged lepton l, and an undetected particle, and where the vector sum of the p T values of the two undetected particles is assumed to equal the observed result for E miss T . For tt events with perfect event reconstruction, M Fig. 13 . We further require E miss T > 60, 80, or 100 GeV, where the lower bound on E miss T depends on which choice yields the largest expected signal sensitivity for a given value of the higgsino mass.
The remaining background mostly consists of events from SM Z þ jets, tt, W þ W − , τ þ τ − , and tW single-topquark production. These backgrounds are evaluated using data, as described below. Other remaining SM background processes are combined into an "other" category, which is evaluated using simulation and assigned an uncertainty of 50%. The "other" category includes background from ZW and ZZ boson pair production, tt processes with an associated W or Z boson, and processes with three vector bosons.
For the SM Z þ jets background, significant values of E miss T arise primarily because of the mismeasurement of jet p T . Another source is the semileptonic decay of charm and bottom quarks. As in Ref. [82] , we evaluate this background using a sample of γ þ jets events, which is selected using similar criteria to those used for the nominal selection, including the same b-jet tagging requirements and restriction on m bb . We account for kinematic differences between the γ þ jets and signal samples by reweighting the H T and boson-p T spectra of the former TABLE IV. Observed numbers of events and corresponding SM background estimates, in bins of transverse mass M T , for the hh, hZ, and hW → γγ þ leptons analysis. The uncertainties shown for the SM background estimates are the combined statistical and systematic terms, while those shown for signal events are statistical. The column labeled "hW events" shows the expected number of events from the chargino-neutralino pair-production process of Fig. 1 (right distributions are then normalized to unit area to define templates. Two different templates are formed: one from γ þ jets events with exactly two jets, and one from the events with three or more jets. The SM Z þ jets background estimate is given by the sum of the two templates, each weighted by the number of events in the signal sample with the respective jet multiplicity. To account for the small level of background expected in the signal sample from SM processes other than SM Z þ jets production, which is mostly due to tt production, the prediction is normalized to the data yield in the 0 < E miss T < 50 GeV region, where the contribution of SM Z þ jets events dominates. The impact of signal events on the estimate of the SM Z þ jets background is found to be negligible. The corresponding systematic uncertainty is evaluated by varying the criteria used to select γ þ jets events, by assessing the impact of tt events, and by determining the difference between the predicted and genuine SM Z þ jets event yields when the simulation is used to describe the γ þ jets and signal samples. The three sources of systematic uncertainty are added in quadrature to define the total systematic uncertainty.
For the tt, W þ W − , τ þ τ − , and tW background, the rate of decay to events with exactly one electron and exactly one muon is the same as the rate of decay to events with either exactly one e þ e − or one μ þ μ − pair, once the difference between the electron and muon reconstruction efficiencies is taken into account. We therefore refer to this category of events as the "flavor-symmetric" background. The flavorsymmetric background is thus evaluated by measuring the number of events in a sample of eμ events, which is selected in the manner described above for the e þ e − and μ þ μ − samples except without the requirement on the dilepton mass: instead of applying an invariant mass restriction 81 < m eμ < 101 GeV in analogy with the mass restriction imposed on m ll , we apply a factor, derived from simulation, that gives the probability for m eμ to fall into this interval, with a systematic uncertainty defined by the difference between this factor in data and simulation. This procedure yields improved statistical precision compared to the result based on an m eμ requirement [82] .
The background evaluation procedures are validated using data control samples enriched in the principal background components. As an example, Fig. 14 (top) shows the E miss T distribution for a control sample selected in the same manner as the standard sample except with the requirement that there be no tagged b jet: this yields a sample dominated by SM Z þ jets events. Figure 14 (bottom) shows the results for a sample selected with the nominal requirements except with the M jl T2 requirement inverted: this yields a sample dominated by tt events. For both these control samples, the SM background estimate is seen to accurately represent the data.
The distribution of E miss T for the selected events is presented in Fig. 15 in comparison with the corresponding background prediction and with the prediction from a signal scenario. Numerical values are given in Table V .
VIII. SEARCH IN CHANNELS WITH THREE OR MORE LEPTONS OR WITH
The SUSY scenarios of interest to this study (Fig. 1) can yield events with three or more leptons if the h, Z, or W bosons decay to final states with leptons. We therefore combine the results presented here with our results on final states with three or more leptons [35] to derive unified conclusions for these scenarios. The three-or-more-lepton results provide sensitivity to the SUSY ZZ channel, i.e., to events in which the two Higgs bosons in Fig. 1 (left) are each replaced by a Z boson. In contrast, the studies presented in Secs. V-VII have little sensitivity to ZZ production. In addition, the three-or-more-lepton results provide sensitivity to the SUSY hh and hZ channels, especially for low values of the higgsino (χ 0 1 ) mass. The analysis of Ref. [35] requires events to contain at least three charged lepton candidates including at most one τ h candidate. The events are divided into exclusive categories based on the number and flavor of the leptons, the presence or absence of an opposite-sign, same-flavor (OSSF) lepton pair, the invariant mass of the OSSF pair including its consistency with the Z boson mass, the presence or absence of a tagged b jet, the E miss T value, and the H T value. As in Ref. [35] , we order the search channels by their expected sensitivities and, for the interpretation of results (Sec. X), select channels starting with the most sensitive one, and do not consider additional channels once the expected number of signal events, integrated over the retained channels, equals or exceeds 90% of the total expected number.
As an illustration of the information provided by the three-or-more-lepton analysis, the seven most sensitive channels for hh signal events, assuming a higgsino mass of m~χ0 Table VI includes the observed numbers of events, the SM background estimates [35] , and the predicted signal yields. Some excesses in the data relative to the expectations are seen for the last two channels listed in the table, for which 15 and 4 events are observed, compared to 7.5 AE 2.0 and 2.1 AE 0.5 events, respectively, that are expected. The combined local excess is 2.6 standard deviations. The excesses in these two search channels are discussed in Ref. [35] , where it is demonstrated that they are consistent with a statistical fluctuation once the large number of search channels in the analysis is taken into account (look-elsewhere effect).
We also make use of our results [36] on final states with two or more jets and either a Z → e þ e − or Z → μ þ μ − decay, which provide yet more sensitivity to the SUSY ZZ channel. In the study of Ref. [36] , events must contain either an e þ e − or μ þ μ − pair and no other lepton, at least two jets, no tagged b jets, and large values of E miss T . The invariant mass of the lepton pair, and the dijet mass formed from the two jets with highest p T values, are both required to be consistent with the Z boson mass. Reference [36] also contains results on the hW signal scenario of Fig. 1 (right) in decay channels that are complementary to those considered here. We make use of these results in our interpretation of the hW scenario.
IX. SYSTEMATIC UNCERTAINTIES
Systematic uncertainties for the various background estimates are presented in the respective sections above, or, in the case of the studies mentioned in Sec. VIII, in Refs. [35, 36] .
Systematic uncertainties associated with the selection efficiency for signal events arise from various sources. The uncertainties related to the jet energy scale, jet energy resolution, pileup modeling, trigger efficiencies, b-jet tagging efficiency correction factors, lepton identification and isolation criteria, and the ISR modeling are evaluated by varying the respective quantities by their uncertainties, while those associated with the parton distribution functions are determined [73, 83, 84] using the recommendations of Refs. [85, 86] . The uncertainty of the luminosity determination is 2.6% [87] . Table VII lists typical values of the uncertainties. The uncertainty listed for lepton identification and isolation includes an uncertainty of 1% per lepton to account for differences between the fast simulation and GEANT-based modeling of the detector response. In setting limits (Sec. X), correlations between systematic uncertainties across the different search channels are taken into account, and the systematic uncertainties are treated as nuisance parameters as described in Ref. [88] . TABLE VI. The seven most sensitive search channels of the three-or-more-lepton analysis [35] 
the number of tagged b jets is zero. The symbols N l , N τ h , and N OSSF indicate the number of charged leptons, hadronically decaying τ-lepton candidates, and opposite-sign same-flavor (OSSF) lepton pairs, respectively. "Below Z " means that the invariant mass m ll of the OSSF pair (if present) lies below the region of the Z boson (m ll < 75 GeV), while "Off Z" means that either m ll < 75 GeV or m ll > 105 GeV. The uncertainties shown for the SM background estimates are the combined statistical and systematic terms, while those shown for signal events are statistical. The channels are ordered according to the values of N l , N τ h , N OSSF , and E miss T . 
X. INTERPRETATION
In this section, we present the interpretation of our results. We set 95% confidence level upper limits on the production cross sections of the considered scenarios using a modified frequentist CL S method based on the LHC-style test statistic [88] [89] [90] . The input to the procedure is the number of observed events, the number of expected SM background events (with uncertainties), and the number of predicted signal events in each bin of the distributions of Figs. 6, 8 (bottom) , 9 (bottom), 11, and 15, as well as the relevant results from Refs. [35, 36] (see Tables 2-3 of Ref. [35] and Tables 4-6 of Ref. [36] ). The contributions of signal events are incorporated into the likelihood function for both signal and control regions. The cross section upper limits are compared to the predicted cross sections, which have uncertainties [86] of approximately 5%.
We first present upper limits for the GMSB higgsino NLSP model [28, 34] A. Limits on the GMSB di-higgsino NLSP model Figure 16 shows the 95% C.L. cross section upper limits on higgsino pair production through the hh channel [ Fig. 1  (left) ], i.e., assuming theχ 0 1 → hG branching fraction to be unity. The limits are derived using the combined results from the hh → bbbb, γγbb, γγ þ leptons, and three-ormore-lepton channels, corresponding to the results presented in Secs. V, VI A, VI C, and VIII, respectively. Both the expected and observed limits are shown, where the expected limits are derived from the SM background estimates. The expected results are presented with one, two, and three standard-deviation bands of the experimental uncertainties, which account for the uncertainties of the background prediction and for the statistical uncertainties of the signal observables. The NLO þ NLL theoretical cross section [38, 67, 68] with its one-standard-deviation uncertainty band is also shown.
The hh topology
The observed exclusion contour in Fig. 16 (solid line) is seen to lie above the theoretical cross section for all examined higgsino mass values. Therefore, we do not exclude higgsinos for any mass value in the hh topology scenario. It is nonetheless seen that the expected exclusion contour (short-dashed line with uncertainty bands) lies just above the theoretical higgsino pair production cross section for higgsino mass values m~χ0 1 ≲ 360 GeV. Most of this sensitivity is provided by the hh → bbbb channel, which dominates the results for m~χ0 1 ≳ 200 GeV. For lower mass values, the γγbb and three-or-more-lepton channels provide the greatest sensitivity. The hh → bbbb channel loses sensitivity for m~χ0 1 ≲ 200 GeV because the S MET spectrum of signal events becomes similar to the spectrum from SM events.
The observed limits in Fig. 16 are seen to deviate from the expected ones by slightly more than three standard deviations for m~χ0 1 ≲ 170 GeV. The main contribution to this excess (2.6 standard deviations, discussed in Sec. VIII) arises from the three-or-more-lepton channel, and was also reported in Ref. [35] . The electron (but not muon) component of the γγ þ leptons channel contributes to the excess at the level of 2.1 standard deviations, as discussed in Sec. VI C [ Fig. 11 (bottom) ]. As already mentioned in Secs. VI C and VIII, we consider the excesses in the γγ þ electron and three-or-more-lepton channels to be consistent with statistical fluctuations.
The ZZ and hZ topologies
The 95% C.L. cross section upper limits on higgsino pair production through the ZZ channel are presented in Fig. 17 (top). For these results, we assume theχ 0 1 → ZG branching fraction to be unity. These results are derived using the two search channels that dominate the sensitivity to the ZZ topology: the three-or-more-lepton and l þ l − þ 2 jets channels (Sec. VIII). In the context of this scenario, higgsino masses below 380 GeV are excluded. 
FIG. 16 (color online)
. Observed and expected 95% confidence level upper limits on the cross section for higgsino pair production in the hh topology as a function of the higgsino mass for the combined bbbb, γγbb, γγ þ leptons, and three-or-more-lepton channels. The dark (green), light (yellow), and medium-dark (orange) bands indicate the one-, two-, and three-standarddeviation uncertainty intervals, respectively, for the expected results. The theoretical cross section and the expected curves for the individual search channels are also shown.
To illustrate the sensitivity of our analysis to the hZ topology [ Fig. 1 (middle) ], we assume theχ 0 1 → hG and χ 0 1 → ZG branching fractions each to be 0.5 and ignore contributions from the hh and ZZ channels. Figure 17 (bottom) shows 95% C.L. cross section upper limits for the hZ topology derived from the combined γγ þ leptons, bbl þ l − , and three-or-more-lepton samples (Secs. VI C, VII, and VIII, respectively). The results are dominated by the bbl þ l − channel. The main contribution of the three-ormore-lepton channel arises for higgsino mass values below around 170 GeV. The sensitivity of the γγ þ leptons channel is minimal. [The γγ þ 2 jets channel also contributes minimally and is not included in the combination of Fig. 17 (bottom) .] Figure 18 presents the 95% C.L. exclusion region for the GMSB higgsino NLSP scenario in the two-dimensional plane of theχ 0 1 → hG higgsino branching fraction versus the higgsino mass m~χ0
1
. The results are based on all relevant studies discussed in this paper including those of Refs. [35, 36] . The combined results exclude a significant fraction of the Fig. 18 plane. For higgsino mass values above around 200 GeV, the observed results are in agreement with the expected ones within one standard deviation of the uncertainties. For smaller higgsino mass values, the observed exclusion boundary lies below the expected one because of the excesses in data discussed in Section X A 1. Horizontal slices of Fig. 18 at branching fractions of one and zero correspond to the results presented in Figs. 16 and 17 (top) for the hh and ZZ topologies, respectively. The corresponding results for a horizontal slice at a branching fraction of 0.5 are shown in Fig. 19 . It is seen that higgsino masses below around 300 GeV are excluded for this latter scenario.
To illustrate the relative importance of the different search channels for the results of Fig. 18 , we present in Fig. 20 the observed and expected exclusion regions when each principal component of the analysis is in turn removed from the combination. For this purpose, the h → γγ studies of Sec. VI are grouped together into a "2γ þ X" category, and the hð→ bbÞZð→ l þ l − Þ and Zð→ l þ l − ÞZð→ 2 jetsÞ studies of Secs. VII and VIII into a "2l þ X" category. The greatest impact is from the three-or-more-lepton and combined bbl þ l − and l þ l − þ 2 jets channels, because of the stringent constraints they impose on ZZ production Fig. 21 .
B. The hW topology
In Ref. [36] , we present limits on the chargino-neutralino pair-production scenario of Fig. 1 (right) , i.e., on a generic new-physics SUSY-like process with a Higgs boson, a W boson, and E miss T . The event signatures considered are those that yield a single electron or muon and a bb pair, a samesign ee, μμ, or eμ pair and no third charged lepton, and three or more charged leptons [35] . These results target the hð→ bbÞWð→ lνÞ and hð→ ZZ; WW; ττÞWð→ lν) channels, with l an electron, muon, or leptonically decaying τ lepton. With the present work, we add the search channels with h → γγ and either W → 2 jets or W → lν, corresponding to the studies of Secs. VI B and VI C.
The 95% C.L. upper bounds on the chargino-neutralino cross section based on the combination of results from Ref. [36] with the two γγ search channels considered here are shown in Fig. 22 . The top plot shows the cross section limits in the LSP versusχ [36] .
For small values of the LSP mass, we exclude charginoneutralino pair production forχ → ZG branching fractions each to be 0.5, including contributions from hh and ZZ events, for the combined bbbb, γγbb, γγ þ leptons, bbl þ l − , three-or-more-lepton, and l þ l − þ 2 jets channels. The dark (green) and light (yellow) bands indicate the one-and two-standard-deviation uncertainty intervals, respectively, for the expected results. The theoretical cross section and the expected curves for the individual search channels are also shown. compared to the corresponding result in Ref. [36] . The individual diphoton cross section results assuming m~χ0 Fig. 23 .
XI. SUMMARY
Searches are presented for the electroweak pair production of higgsinos (χ 0 1 ) in proton-proton collisions at 8 TeV, based on the gauge-mediated-SUSY-breaking scenario of Ref. [28] . Each higgsino is presumed to decay to a Higgs boson (h) and the lightest supersymmetric particle (LSP), which escapes without detection, or else to a Z boson and an LSP, where the LSP is an almost massless gravitinoG. We search for an excess, relative to the expectation from standard model processes, of events with an hh, hZ, or ZZ boson pair produced in association with a large value of either missing transverse energy E miss T , transverse mass M T , or the scalar sum S h T of the two boson transverse momenta, depending on the search channel. In addition, we perform searches for electroweak chargino-neutralino (χ AE 1χ 0 2 ) pair production in channels with an hW boson pair and E miss T . In mass assuming an LSP mass of 1 GeV, for (top) the γγ þ 2 jets study of Sec. VI B, and (middle and bottom), the γγ þ leptons studies (for the muon and electron samples, respectively) of Sec. VI C. The dark (green) and light (yellow) bands indicate the one-and two-standard-deviation uncertainty intervals, respectively. The theoretical cross section is also shown.
the latter case, the LSP is a massive neutralino, also denoted χ We select events with four bottom-quark jets (b jets), events with two b jets and two photons, and events with two b jets and an l þ l − pair (with l an electron or muon), providing sensitivity to the hð→ bbÞhð→ bbÞ, hð→ γγÞhð→ bbÞ, and hð→ bbÞZð→ l þ l − Þ channels, respectively. We also select events with two photons accompanied by two light-quark jets, and events with two photons accompanied by at least one electron or muon, providing sensitivity to the hð→ γγÞZ=Wð→ 2 jetsÞ channels, and to the hð→ γγÞhð→ ZZ=WW=ττÞ and hð→ γγÞZ=W channels where the Z and W bosons decay leptonically. As an aid for studies of signal scenarios other than those considered in this paper Tables VIII-XII of the Appendix provide results for the signal yields at different stages of the event selection process for the studies presented herein. We incorporate results from Refs. [35] and [36] to gain sensitivity to higgsino pair production in the ZZ channel and to access complementaryχ → hG branching fraction set to unity, higgsinos are not excluded for any mass value, but we obtain an expected exclusion region that lies just above the theoretical higgsino pair production cross section for higgsino mass values m~χ0 1 ≲ 360 GeV. We also determine 95% confidence level upper limits on the cross section for electroweak chargino-neutralinoχ
pair production, adding the search channels with h → γγ and either W → 2 jets or W → lν to the results presented in Ref. [36] . For small values of the LSP mass, we exclude this process for chargino mass values up to 210 GeV, where theχ AE 1 andχ 0 2 masses are taken to be equal.
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APPENDIX: EVENT SELECTION FLOW TABLES
In this Appendix, we present tables that illustrate the event selection process, or "flow," for the analyses presented in Secs. V-VII. For each analysis, the selection flow is illustrated for two or more signal points. These tables are intended as an aid for those wishing to replicate these analyses using signal scenarios other than those considered in the present work.
TABLE VIII. Number of signal events remaining after each stage of the event selection for the hh → bbbb search, with a higgsino mass of 250 GeV and an LSP (gravitino) mass of 1 GeV. The results are normalized to an integrated luminosity of 19.3 fb −1 using NLO þ NLL calculations. The uncertainties are statistical. "S MET bin 0" corresponds to 0 < S MET < 30. The baseline selection accounts for the primary vertex criteria and for quality requirements applied to the E miss T distribution. This search is described in Sec. V. IX. Number of signal events remaining after each stage of the event selection for the hh → bbbb search, with a higgsino mass of 400 GeV and an LSP (gravitino) mass of 1 GeV. The results are normalized to an integrated luminosity of 19.3 fb −1 using NLO þ NLL calculations. The uncertainties are statistical. "S MET bin 0" corresponds to 0 < S MET < 30. The baseline selection accounts for the primary vertex criteria and for quality requirements applied to the E miss T distribution. This search is described in Sec. V. 
